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ABSTRACT

Heme oxygenase-1 (HO-1) is a cytoprotective protein whose expression is consistently associated with thera-
peutic benefits in a number of pathologic conditions such as atherosclerotic vascular disease and inflamma-
tion. Although the expression of HO-1 in most tissues is low, a large number of clinical and experimental
pharmacologic compounds have been demonstrated to induce HO-1. This induction is suggested to be at least
partially responsible for the perceived therapeutic efficacy of these compounds. The increase in HO-1 ex-
pression in response to these compounds is the result of a complex regulatory network involving many sig-
naling pathways and transcription factors. Understanding both the pathways by which HO-1 is induced and
the mechanism through which the enzyme exerts its beneficial effects may facilitate the development of novel
drugs. Antioxid. Redox Signal. 9, 2227—2239.
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INTRODUCTION

SOME 30 YEARS AGO, Tenhunen et al. (121) were the first to
describe heme oxygenase activity (121). Since then, an ex-

plosive growth has occurred in our knowledge in this field (81).
Heme oxygenase catalyzes the first and rate-limiting step of
heme metabolism (139), by binding heme as a prosthetic group
and as a substrate. The reaction involves seven steps, consumes
molecular oxygen and NADPH and requires cytochrome P-450
reductase activity (77), and generates stoichiometric amounts
of carbon monoxide, Fe2�, and biliverdin as the products (Fig.
1). The mechanism of HO-1–catalyzed degradation of heme has
been comprehensively reviewed (94). In mammals, biliverdin
is then transferred to the ubiquitously expressed biliverdin re-
ductase, which reduces the pigment to bilirubin (129). This is
an unusual step, as it represents the only anabolic reaction
known in intermediary metabolism.

Two functional heme oxygenase isoforms are expressed in
mammals (103). In most tissues, HO-1 is either expressed at
low levels or not expressed at all, whereas heme oxygenase-
2 is constitutively expressed. Although the expression of HO-

1 can be induced in response to a range of stimuli, heme oxy-
genase-2 responds to few regulatory factors (80). The differ-
ential expression profile suggests that these two isoforms carry
out different functions in vivo. Interestingly, the research on
HO-1 has undergone a gradual shift of focus, from its role as
a crucial enzyme with a unique metabolic function to its mod-
ulatory effect on cell survival and proliferation (30). It is now
well established that HO-1 expression protects cells from
physical, chemical, and biologic stress by bringing about sub-
tle changes in cellular physiology (104). It has been suggested
that the induction of HO-1 by pharmacologic compounds con-
tributes to at least some of the perceived efficacy of these ther-
apeutics (Fig. 2) (4). Specifically, the product(s) of the activ-
ity of HO-1 are now commonly regarded as the protective
effector molecules. This is a remarkable shift, given that car-
bon monoxide and bilirubin have long been considered to be
toxic waste products (114). This review aims to provide a sum-
mary of the current understanding of HO-1 as a target of clin-
ical and experimental therapeutic compounds, as well as to
comment on yet unresolved and controversial issues in this
field.
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MOLECULAR REGULATION 
OF HO-1 EXPRESSION

The control of HO-1 expression occurs primarily at the tran-
scription level (17). Analysis of the HO-1 gene structure re-
vealed a number of transcription factor binding sites in the 5�-
flanking region of the promoter. Transcription factors such as
nuclear factor E2–related factor-2 (Nrf2), activator protein-1
(AP-1), and nuclear factor-kappa B (NF-�B) bind to specific
sequences within two enhancer elements (E1 and E2), result-
ing in the upregulation of HO-1 expression (58). Within both
E1 and E2 regions of the HO-1 gene, multiple stress-response
elements are found. This explains the potent induction of 
HO-1 by most agents that cause cellular stress (100). Selected
therapeutic compounds also induce HO-1 by activating tran-
scription factors, often via upstream signaling pathways. For
some pharmacologic compounds, the transcription factor(s) re-
sponsible for HO-1 induction is(are) not yet identified. Never-
theless, it is increasingly clear that HO-1 induction by thera-
peutic compounds often requires a complex set of molecular
events in a tissue-specific manner, sometimes involving two or
more signaling pathways or transcription factors working syn-
ergistically (95). A brief discussion follows of several key tran-
scription factors involved in HO-1 regulation.

Nrf2

Nrf2 is a noted cellular regulator of antioxidant and stress re-
sponse because of its affinity for the antioxidant response ele-
ments (1). Antioxidant response elements are found in the reg-
ulatory region of a number of genes involved in detoxification
of xenobiotics (phase II response genes) and antioxidant de-
fense (90). Apart from HO-1, other genes believed to be con-
trolled by Nrf2 include NAD(P)H:quinone oxidoreductase, glu-
tathione S-transferase, and thioredoxin (60). How Nrf2 is
activated by external stimuli is incompletely understood and re-
mains an active area of research. The regulation of Nrf2 acti-
vation occurs at multiple levels. Under basal conditions, Nrf2
is sequestered in the cytoplasm, tethered to binding partner
Kelch-like ECH-associated protein-1 (Keap1) (61). By actively
promoting its degradation, presumably via ubiquitination of
Nrf2 by Keap1-associated ubiqiuitin ligase, such as Cul3,
Keap1 prevents the translocation of Nrf2 into the nucleus (112).
Keap1 is a cysteine-rich protein whose thiol groups are prone
to oxidative modification (127). Reaction of these thiol groups
with oxidants or electrophiles is thought to lead to conforma-

tional changes in Keap1 protein, such that Nrf2 dissociates from
the complex and translocates to the nucleus (Fig. 3) (32).

In the nucleus, Nrf2 competes with the inhibitory Bach-1 pro-
tein for binding to the small Maf protein heterodimer (27).
Heme interacts with Bach-1 and renders it incapable of bind-
ing Maf proteins (115). Another strong HO-1 inducer, cad-
mium, promotes the nuclear export of Bach-1 (117). Under
these conditions, Nrf2/small Maf protein heterodimer binds to
the ARE and enhances gene expression. It is unclear whether
other known activators of Nrf2 cause Bach-1 displacement.

AP-1

AP-1 is a family of transcription factors consisting of homo-
or heterodimers of basic leucine zipper proteins from the Fos,
Jun, activating transcription factors, and Maf protein families
(67). Similar to Nrf2, AP-1 activation can also be modulated
by cellular oxidative status. For example, antioxidant treatment
of cells increases the expression of c-Fos and c-Jun (20). 
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FIG. 1. Reaction scheme of ox-
idative metabolism of heme.
Oxidative heme metabolism cat-
alyzed by heme oxygenase se-
quentially yields CO, ferrous
iron, and biliverdin. The elec-
trons required for this reaction are
supplied by cytochrome P-450
reductase. In mammals, biliver-
din is reduced subsequently to
bilirubin by biliverdin reductase
and at the expense of NADPH.

FIG. 2. The concept of HO-1 as a therapeutic funnel. In
this hypothesis, various classes of therapeutic compounds in-
duce HO-1 expression and activity. The products of this enzy-
matic reaction then mediate the antiinflammatory, antioxidant,
and/or growth-modulating activities associated with increased
HO-1 expression. Some of the products, such as CO, themselves
increase HO-1 expression, thereby amplifying the biologic ef-
fect. Adapted from ref. 4.
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AP-1 mediates the upregulation of HO-1 by a range of stimuli
including heme, arsenite, and heavy metals. Because Maf 
proteins can also form part of the AP-1 complex, dissociation
of Bach-1 from these proteins would enhance the activity of
AP-1 as well as that of Nrf2.

NF-�B

NF-�B is a family of transcription factors with important
functions in diverse physiologic and pathologic processes such
as inflammation, apoptosis, and cancer progression (66). Sim-
ilar to the situation with Nrf2, NF-�B is sequestered in the cy-
tosol under normal conditions by a member protein of the in-
hibitor of kappa B family (6). On stimulation by external
factors, the inhibitor of kappa B becomes phosporylated by sev-
eral kinases, such as the inhibitor of kappa B kinase and mito-
gen-activated protein kinase (65). Phosphorylated inhibitor of
kappa B is then degraded by the proteasome in a ubiquitin-de-

pendent process (97), allowing NF-�B to migrate to the nu-
cleus. NF-�B binding to enhancer elements increases HO-1 ex-
pression as a rapid response to cellular injury (74).

Apart from the three transcription factors discussed earlier,
several others enhance HO-1 expression. These include cAMP-
responsive element–binding proteins (70) and the Ets family of
transcription factors (22). The large number of transcription fac-
tors that can upregulate HO-1 expression likely contribute to
the highly inducible nature of the gene.

SIGNALING PATHWAYS

Activation of transcription factors is often the last step in
complex intracellular signaling cascades leading to an increase
in HO-1 mRNA synthesis. Several important pathways involv-
ing serine/threonine kinases mediate the induction of HO-1 in
response to external stimuli (99) (Fig. 4).

Mitogen-activated protein kinase (MAPK) families, includ-
ing p38 MAPK, extracellular signal-regulated protein kinase,
and c-Jun N-terminal kinase, are serine/threonine kinases
activated by external stimuli (13). A cascade of three sets of ki-
nases controls the activity of MAPK (62). The exquisite regu-
lation of MAPKs enables them to produce a precise, cell-spe-
cific effect in response to a wide array of stimuli. In general,
extracellular signal-regulated protein kinases are activated by
external growth signals, whereas p38 and c-Jun N-terminal ki-
nase respond to external stress.

Although it is clear that MAPKs play a major role in medi-
ating HO-1 upregulation, the exact underlying mechanism is
less certain. Various MAPKs have been shown directly to phos-
phorylate or indirectly to regulate transcription factors impor-
tant for upregulating HO-1. Thus, AP-1, Nrf2, NF-�B, and
cAMP-responsive element–binding proteins are all targets of
the MAPKs (124). However, whether these interactions are suf-
ficient to mediate HO-1 expression is unknown. Notably, the
role of p38 MAPK in regulating HO-1 expression is unclear.
In apparent contrast to previous works (2), a recent study found
p38-dependent phosphorylation of Nrf2 to enhance its interac-

INDUCTION OF HEME OXYGENASE-1 2229

FIG. 3. Keap1/Nrf2 interaction. Under normal condition,
Keap1 sequesters Nrf2 in the cytosol of cells, and ubiquitin lig-
ases associated with Keap1 promote ubiquitination of Nrf2 and
its subsequent degradation. A large number of chemicals are
thought to modify the thiol group of specific cysteine residues
of Keap1 (shown here schematically as oxidation with forma-
tion of a disulfide bond), leading to conformational change in
the protein and the ubiquitination of Keap1 instead of Nrf2. As
a result, Nrf2 dissociates from the complex and can translocate
to the nucleus. Ub, ubiquitin; Cul, Keap1-associated ubiqiuitin
ligase.

FIG. 4. Some signaling pathways leading to
HO-1 induction. Activation of a number of
transcription factors as a result of cellular signal-
ing events brings about the increase in HO-1 ex-
pression. Serine/threonine kinases are especially
prominent in responding to external and internal
stimuli leading to HO-1 induction. MAPKKK,
MAP kinase kinase kinase; MAPKK, MAP kinase
kinase; ATF-2, activating transcription factor 2.
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tion with Keap1 and thereby to decrease its translocation to the
nucleus (68).

Protein kinases such as protein kinases A and G are regu-
lated by changes in cellular concentration of cAMP and cyclic
guanosine monophosphate (cGMP), respectively. These cyclic
nucleotides bind to their respective protein kinase, thereby in-
ducing a conformational change and kinase activity (35). It has
been shown that signaling via protein kinases A and G can lead
to the expression of HO-1 (57). Other protein kinases, such as
protein kinase C and phosphatidylinositol 3-kinase/Akt have
also been implicated in signaling pathways leading to HO-1 in-
duction (122).

The molecular and cellular pathways described earlier should
not be considered separately. Instead, they should be viewed as
an array of interconnecting signals, all contributing to the final
outcome, thereby allowing fine control of the duration and ex-
tent of HO-1 induction.

INDUCTION OF HEME OXYGENASE-1 BY
PHARMACEUTICAL COMPOUNDS

As mentioned earlier, the expression of HO-1 can be induced
by an ever-increasing list of compounds, some of which have
therapeutic properties. Research over the past decade has fo-
cused on several classes of drugs (Table 1).

Drugs acting on the cardiovascular system

Cardiovascular diseases are leading causes of mortality and
morbidity in the developed world (79). Compelling evidence
from knockout animal models, pharmaceutical interventions,
and gene-transfer experiments has established clearly that the
expression of HO-1 in vascular cells confers protection against
atherosclerotic vascular disease (for a recent review, see ref.
113). HO-1 attenuates the development of atherosclerotic le-
sions (59, 64), reduces restenosis and vascular constriction (29,
125), ameliorates myocardial ischemia injuries (138), and pro-
motes vessel relaxation (105). Not surprisingly, induction of
HO-1 as a way to control and treat atherosclerotic vascular dis-
eases is an area of intense research. Several compounds with
established antiatherogenic or cardioprotective activities are
able to induce HO-1.

Statins. Statins are a class of competitive inhibitors of 3-
hydroxy-3-methylglutaryl co-enzyme A reductase, a rate-limit-
ing enzyme of cholesterol biosynthesis (33). Overwhelming ev-
idence from many independent trials indicates that statins are
effective in reducing the incidence of cardiovascular events and
associated mortality. Grosser and colleagues (42) demonstrated
that several statins at mid to high micromolar concentrations
induce HO-1 expression in ECV304 (42), a human epithelial
cell line (12). Two in vivo studies subsequently confirmed sim-
vastatin to induce HO-1 mRNA and activity in vascular smooth
muscle cells and heart (52, 75). This induction was tissue spe-
cific (with smooth muscle cells of the vasculature as the major
target) and associated with potentially antiatherogenic activi-
ties, such as attenuation of smooth muscle cell proliferation and
inhibition of NF-�B activation (75). A similar HO-1–inducing

effect was observed in macrophages treated with statins (15).
Further studies in human cases of atherosclerotic vascular dis-
eases with clinically relevant doses will be required to address
whether statins exert some of their vasoprotective effect via
HO-1 induction. Specifically, the concentrations of statins used
in the aforementioned experimental studies were much higher
than peak serum concentration achieved and doses commonly
used in clinical practice (9). In this context, it is noteworthy
that atorvastatin at pharmacologically relevant concentrations
has been recently reported to restore hypoxia-driven inhibition
of endothelial nitric oxide synthase without affecting HO-1 in
human endothelial cells (78).

Nitric oxide and nitric oxide–releasing com-
pounds. Nitric oxide (NO) is an important signaling mole-
cule with a diverse range of functions in many cell types (54).
Initially regarded as a toxic gas, NO is now recognized as a
powerful mediator of vascular function because of its ability to
activate soluble guanylyl cyclase (sGC) and thereby increase
the synthesis of the second-messenger molecule cGMP (56).
NO is a prominent regulator of physiologic and pathologic ac-
tivities contributing to vascular homeostasis and function. En-
dothelial cell–derived NO is a major vasodilator, primarily 
responsible for determining basal vascular tone (53). Addition-
ally, vascular NO production affects processes such as platelet
aggregation (85), leukocyte trafficking (48), and the prolifera-
tion and migration of smooth muscle and endothelial cells (39).
Decreased NO bioavailability is an early symptom of athero-
sclerotic vascular disease (88), and organic nitrates and nitrites
that release NO are used clinically to relieve symptoms of myo-
cardial ischemia, most commonly, angina pectoris. The thera-
peutic effect of these compounds is achieved by relaxation of
affected vessels mediated via NO, sGC, and cGMP (55).

The group of Motterlini (86) was the first to discover that
NO-releasing compounds, such as sodium nitroprusside, S-ni-
troso-N-acetylpenicillamine, and 3-morpholinosydnonimine,
induce HO-1 in endothelial cells (86). Subsequently, induction
of HO-1 was demonstrated in different cell types with other
NO-releasing compounds (31, 47, 137) and pure NO gas (11).
Activation of sGC and a subsequent increase in cGMP is be-
lieved to be a major pathway leading to HO-1 induction by NO
and NO-releasing compounds, although an increase in HO-1
mRNA stability may also contribute (82).

In addition to organic nitrates, other therapeutic compounds
may induce HO-1 via the NO–sGC–cGMP pathway by in-
creasing NO production via activation of nitric oxide synthase
(NOS). Aspirin is an antithrombotic drug whose pharma-
cologic effect stems from its inhibition of cyclooxygenase.
Aspirin acts on both isoforms of cyclooxygenase, cyclooxy-
genase-1 and -2, and interferes with enzyme activity by acety-
lating a serine residue near the active site (73). This covalent
modification prevents the conversion of arachidonic acid to
prostaglandins that are powerful mediators of inflammation
and thrombosis (84). Aspirin was reported to induce HO-1 in
human epithelial ECV304 cells (41). Whether this contributes
to the protective action of aspirin remains to be established,
because drug concentrations of �1 mM were required to in-
crease HO-1 activity. Notwithstanding this, HO-1 induction by
aspirin appeared to be dependent on NO synthesis, as an NOS
inhibitor blocked the process (41). Consistent with this, 15-
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epi-lipoxin-A4, which is produced by cyclooxygenase from
arachidonic acid in the presence of aspirin (23), increases NO
synthesis by activating endothelial and inducible NOS (96),
and nanomolar concentrations of a stable analogue of 15-epi-
lipoxin-A4 induce HO-1 (89). These studies suggest that as-
pirin may exert part of its antiinflammatory effect via NO-me-
diated induction of HO-1.

Another cyclooxygenase inhibitor currently undergoing pre-
clinical trials, AZD3582, also induced HO-1 expression in two
epithelial cell lines (10). AZD3582 is metabolized to NO and
naproxen. As naproxen does not induce HO-1, it was specu-
lated that AZD3582 induces HO-1 via the NO-dependent path-
way (10).

Probucol and probucol analogues. Probucol, a
rarely used cholesterol-reducing drug, has been reported to in-
hibit human atherosclerosis (107) and restenosis after coronary
angioplasty with (120) and without stenting (119). Probucol
also retards experimental atherosclerosis (132) and intimal
thickening after balloon injury (29). Considerable evidence now
indicates that upregulation of HO-1 plays a key role in these
beneficial activities of probucol against atherosclerotic vascu-
lar disease (133). Thus, in vivo treatment with probucol induces
HO-1 in vascular smooth muscle cells. This is associated with
attenuation of smooth muscle cell proliferation and intimal hy-
perplasia, and a promotion of reendothelialization and restora-
tion of endothelium-dependent relaxation of the injured blood
vessel. All of these beneficial activities of probucol are blocked
when animals are co-treated with tin-protoporphyrin IX, a phar-
macologic inhibitor of heme oxygenase. In vitro studies have
established that probucol induces HO-1 mRNA, protein, and
activity in vascular smooth muscle cells, and this results in in-
hibition of cell proliferation (26). Inhibition of heme oxygenase
by tin-protoporphyrin IX, or specific blockade of HO-1 with
siRNA, completely prevented the ability of probucol to inhibit
smooth muscle cell proliferation (26).

As indicated earlier, in humans, probucol effectively inhibits
restenosis after angioplasty (119). Surprisingly, this benefit 
was nullified in subjects receiving probucol together with an
“antioxidant” cocktail, consisting of vitamins C and E and �-
carotene (119). Consistent with the hypothesis that HO-1 in-
duction, rather than antioxidant activity, is the primary deter-
minant of success in pharmacologic intervention by probucol,
vitamin E failed to induce HO-1 in vascular smooth muscle
cells (133). Furthermore, ascorbic acid has been reported to at-
tenuate upregulation of HO-1 in macrophages induced by oxi-
dized low-density lipoprotein (45). We recently tested the ef-
fect of the antioxidant cocktail on the ability of probucol to
induce HO-1 mRNA in smooth muscle cells in vitro. We ob-
served that the inclusion of the antioxidant cocktail did not
change the extent to which probucol induced HO-1 (Fig. 5).
This may relate to potential differences in results obtained in
vitro versus in vivo (see later). In this context, it will be inter-
esting to investigate whether the probucol analogue, AGI-1067,
currently in phase III clinical trial as an antiatherosclerosis drug,
induces HO-1 and, if so, whether this contributes to its benefi-
cial activities. Based on in vivo structure–function studies per-
formed in rabbits, one would predict AGI-1067 to induce HO-
1 activity, as AGI-1067 contains the sulfur groups required for
HO-1 induction in vivo (133). Conversely, one would predict

that the probucol ether analogue, BM 15.0639, does not induce
HO-1 in vivo, as it lacks the active sulfur atoms and fails to in-
hibit experimental atherosclerosis (36).

Vascular-active peptides. A few naturally occurring
peptides with vascular activity were reported to induce HO-1.
Adrenomedullin, a vasodilatory peptide secreted by vascular
cells, induce HO-1 by an NO-dependent mechanism (102).
Adrenomedullin also modulates cellular cAMP content, sug-
gesting that the peptide may induce HO-1 by two distinct
mechanisms (102). Atrial natriuretic peptide, another cardio-
vascular hormone with antiinflammatory activities, also in-
duces HO-1 in cultured proximal renal tubular epithelial cells
via an NO-dependent pathway (98). Interestingly, in endothe-
lial cells, atrial natriuretic peptide appears to induce HO-1 via
extracellular signal-regulated protein kinase and c-Jun N-ter-
minal kinase, suggesting cell-type–specific activation path-
ways (69).

D-4F is currently being developed as an antiatherogenic drug.
D-4F is a synthetic mimetic peptide of apolipoprotein A-I, the
major protein component of high-density lipoprotein. In a rat
model of diabetes, D-4F potently induced HO-1 in the aorta,
leading to increased bilirubin production (71). D-4F also de-
creased the vascular level of superoxide anion radical and en-
dothelial cell sloughing, and it improved vessel relaxation (71).
However, a causal link between HO-1 induction and the bene-
ficial effect of D-4F remains to be established.

Polyphenols and Keap1-modifying agents

Although HO-1 is induced potently in response to oxidative
stress, certain polyphenols with antioxidant activity or thiol-
modifying agents can also increase its expression (93). This
class of compounds includes many different chemicals (Fig. 6),
and this chemical difference is reflected in the diverse upstream
pathways implicated in HO-1 induction. Many antioxidants ca-
pable of inducing HO-1 contain phenol or reactive sulfur
groups, and they potently activate Nrf2 by disrupting its inter-
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FIG. 5. Multivitamins do not independently induce HO-
1. Rat aortic smooth muscle cells were treated with probucol
(100 �M) or a combination of probucol and multivitamins (100
�M ascorbate, 60 �M �-tocopherol, and 1 �M �-carotene) for
2 h. The relative mRNA level of HO-1 was determined by quan-
titative real-time PCR, as described (26). Results show mean �
SEM (n � 3).
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action with Keap1 (51). The antineoplastic action of these com-
pounds is largely attributable to Nrf2-mediated upregulation of
phase II detoxification enzymes.

Keap1-modifying compounds. Some polyphenols
can act as Michael reaction acceptors (28) and modify specific
cysteine residues in Keap1 (127), thereby leading to the nuclear
localization of Nrf2 and increased transcription of HO-1. Cur-
cumin, caffeic acid phenethyl ester, and rosolic acid are exam-
ples of this class of compounds (see Fig. 6).

Curcumin is currently being investigated for anticancer and
antiinflammatory activities (72). This diphenol contains unsat-
urated �,�-unsaturated carbonyl moieties, which react with nu-
cleophiles such as cysteine thiol groups. Curcumin was first
shown to increase HO-1 expression in bovine aortic endothe-
lial cells, and Nrf2 was identified as the transcription factor re-
sponsible for this induction (87). Subsequently, several reports
confirmed that curcumin caused Nrf2-Keap1 dissociation and
binding of Nrf2 to the ARE in a number of cell types (49). Con-
centrations of curcumin that induced HO-1 (i.e., 15 or 30 �M)
also caused a transient increases in cellular glutathione (108).
In contrast, higher concentrations of curcumin (i.e., �50 �M)
were unable to induce HO-1 and were associated with cell
death. N-Acetyl cysteine did not abolish HO-1 induction by cur-
cumin, although it prevented cell death resulting from high-dose
curcumin. The authors interpreted these results as suggestive of
selected, rather than general cysteine modification(s) being re-
quired for Nrf2 activation (108). Both p38 MAPK and NF-�B,
but not extracellular signal-regulated protein kinase, c-Jun N-

terminal kinase, and the phosphatidylinositol 3-kinase pathway,
were shown to be involved in increased Nrf2 activity (3). Roso-
lic acid, a plant triphenylmethane, has also been shown to in-
duce HO-1 in endothelial cells (34).

Caffeic acid phenethyl ester, a phenol isolated from the hon-
eybee propolis, has anticancer properties and is structurally sim-
ilar to curcumin. Caffeic acid phenethyl ester induces HO-1 in
astrocytes in much the same way as curcumin (108), although
the former is comparatively more toxic. Similar to curcumin,
caffeic acid phenethyl ester can potently inhibit NF-�B. To rec-
oncile this feature with the observation that NF-�B activation
is required for curcumin- and (by inference) caffeic acid
phenethyl ester–mediated HO-1 induction, it was suggested that
low doses of these compounds do not inhibit NF-�B, and that
this also explains why high concentrations of the compounds
do not induce HO-1 (108).

Sulforaphane is a naturally available sulfur-containing com-
pound found in crucifers such as broccoli. It is noted for its
chemopreventive effects and is known to induce a phase II re-
sponse while inhibiting a phase I response (101). Sulforaphane
is a strong activator of Nrf2. Recent studies have identified the
isothiocyanate group of sulforaphane to modify cysteine
residues of Keap1 (50). Interestingly, this modification is dis-
tinct from previously studied ARE inducers that modify Keap1
by alkylation (50). Sulforaphane treatment of cells does not lead
to accumulation of ubiquitinated Keap1 (140), suggestive of an
alternative activation pathway of HO-1. Sulforaphane was
shown to increase HO-1 protein in aortic smooth muscle cells
isolated from spontaneously hypertensive rats (134). Concur-
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FIG. 6. Chemical structures of selected HO-1 inducers. Inducers of HO-1 include a broad range of different chemicals.
CAPE, caffeic acid phenethyl ester.
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rent with this induction, the activity of other Nrf2-regulated
genes, such as glutathione peroxidase and glutathione-S-trans-
ferase, was also increased (134).

Activators of Nrf2. Some compounds activate Nrf2 via
various signaling pathways rather than via direct reaction with
Keap1. For example, carnosol, a phenolic antioxidant found in
rosemary, was reported to induce HO-1 in PC12 neuronal cells
via Nrf2 activation (83). The phosphatidylinositol 3-kinase/Akt
pathway was implicated in this induction, possibly by signal-
ing to several downstream ubiquitin ligases that modify Keap1.
Similarly, the sulfur-containing phytochemical �-lipoic acid in-
duces HO-1 in the human monocytic cell line THP-1, albeit at
rather high concentrations (�1 mM) (92). This upregulation
was largely abolished in cells overexpressing a dominant-neg-
ative Nrf2 gene, or cells treated with a p38 MAPK inhibitor.
Inhibition of p38 prevented Nrf2 binding to the ARE, although
the underlying molecular mechanism remains unclear.

Other polyphenols. Resveratrol is present in grapes and
red wine (24) and is now available as a nutrient supplement. Its
anticancer properties are well documented (7). Resveratrol is
thought to inhibit cancer development by acting on multiple tar-
gets, including inhibition of angiogenesis (16) and carcinogen
biotransformation by phase I enzymes (21). Resveratrol induces
apoptosis by modulating important regulatory molecules, such
as p53, Fas/FasL, and cyclins (25). The cardioprotective prop-
erties of resveratrol have also been investigated in vitro and in
vivo. Resveratrol has been reported to ameliorate myocardial
ischemia–reperfusion injury by multiple mechanisms (40) and
to enhance angiogenesis after myocardial infarction (38). Its im-
pact on atherosclerosis is not clear, with one study reporting an
adverse effect in hypercholesterolemic rabbits (131), and another
study observing a beneficial activity in hypercholesterolemic
mice (37). Resveratrol has been repeatedly shown to prolong the
life span of several organisms, including mice (8).

The ability of resveratrol to induce HO-1 was discovered only
recently in vascular smooth muscle cells and PC12 neurons
(14). This induction appears to be cell-type and concentration
specific, as other studies found no evidence for HO-1 induction
by resveratrol in some other cell types (108, 136), or observed
resveratrol to increase HO-1 mRNA, without corresponding in-
creases in protein or heme oxygenase activity (109). How
resveratrol induces HO-1, and whether it can directly modify
Keap1, also remains unclear.

Piceatannol, an antiinflammatory agent structurally related to
resveratrol, was recently shown to induce HO-1 in endothelial
cells (136). The key signaling molecules responsible for this
upregulation were found to be PKC and tyrosine kinase.

Antineoplastic agents. Paclitaxel is used clinically
with cisplatin for combined therapy against several types of
cancer because of its ability to interfere with disassembly of
microtubules. Paclitaxel has been reported to induce HO-1 in
smooth muscle cells, which may explain the drug’s inhibitory
effect on proliferation in these cells (18). Paclitaxel is being tri-
aled on drug-eluting stents to prevent restenosis (118). Over-
expression of HO-1 has been associated with increased survival
of cancerous cells, mainly because of prevention of apoptosis
(130). It is therefore difficult to see how induction of HO-1 con-

tributes to the efficacy of these antineoplastic compounds. Sev-
eral phytochemicals discussed earlier also possesses antiin-
flammatory or antioxidant activities or both, and could con-
ceivably be adapted to treat diseases other than cancer.

Drugs acting on the immune systems

Rapamycin, used under the trade names Sirolimus and Ra-
pamune, is a macrocyclic lactone initially isolated from Strep-
tomyces hygroscopicus and used clinically as an immunosup-
pressive drug. Rapamycin binds to immunophilin FKBP-12,
and the complex then binds to and inhibits mammalian kinase,
target of rapamycin (135). Rapamycin demonstrates antiprolif-
erative properties against vascular endothelial and smooth mus-
cle cells, and it effectively reduces the incidence of restenosis
(128). Rapamycin induces HO-1 in pulmonary endothelial and
smooth muscle cells in vitro (126), and good evidence suggests
that this contributes to the antiproliferative activities of ra-
pamycin. Thus, rapamycin-mediated inhibition of proliferation
is abrogated in smooth muscle cells isolated from HO-1-/- mice,
or when cells from wild-type mice are treated with tin-proto-
porphyrin IX (141). The signaling pathway(s) involved in this
HO-1 induction remain unclear. In contrast to rapamycin, cy-
closporin A, another immunomodulatory drug, does not induce
HO-1 (126).

Other compounds

Other phenols capable of inducing HO-1 include the phenol
ethyl ferulate (109), and 1,2,3,4,6-penta-o-galloyl-beta-D-glu-
cose (19). It is speculated that Nrf2 is involved in induction of
HO-1 by these compounds.

Pharmacologic doses of insulin have been reported to induce
HO-1 in renal cells via the phosphatidylinositol 3-kinase/Akt
pathway and Nrf2 (46), and this may represent a mechanism
by which insulin protects the kidney in addition to its effect on
circulating glucose concentration.

A clinical �-adrenergic receptor agonist, isoproterenol, induces
HO-1 in a murine macrophage cell line (116). This process re-
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FIG. 7. Linear correlation between serum cholesterol re-
duction and reduction in coronary heart disease (CHD)
events. Results from nine large-scale clinical studies suggest
that cholesterol reduction is the single most important factor
contributing to clinical benefits of statins. Adapted from refs.
43, 110, and 123.
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quires �1-adrenergic receptor and PKA signaling. However, it is
not clear how these pathways bring about HO-1 induction, nor
is obvious physiologic relevance associated with this process.

POTENTIAL PITFALLS

One potential pitfall in the process of identifying HO-1 in-
ducers as therapeutic compounds lies in the fact that HO-1 can
be induced both as an endogenous response to stress and as a
therapeutic defense against various pathologic conditions (76).
At sufficiently high dose, most drugs are harmful or toxic, even
though obvious signs of cell stress such as cell death may not
be apparent. In some cases, toxicity occurs even at very low
doses, such as submicromolar concentration in the case of ra-
pamycin (111). Potentially beneficial induction of HO-1 must

therefore be distinguished from HO-1 upregulation as a re-
sponse to stress brought about by toxic concentrations of a par-
ticular drug. This requires careful selection of experimental
conditions. It also requires relevant consideration of the known
pharmacokinetic properties of the compounds. In some cases,
external stress may induce HO-1 indirectly by increasing avail-
able heme as a result of increasing cell death or cell turnover.

Caution must also be exercised when linking the HO-1–in-
ducing properties of therapeutic compounds to their clinical ef-
ficacy. For example, metal protoporphyrins that are widely used
as heme oxygenase inhibitors are well known to be nonspecific,
particularly when used at high concentrations (44). In most cells,
the heme available for heme oxygenase is very low and well be-
low the Km of HO-1 (106), so that an increase in HO-1 content
may not necessarily lead to increased production of CO and
biliverdin/bilirubin. In addition, induction of HO-1 may not be
the primary mechanism by which a therapeutic agent provides
clinical benefit. For example, and as mentioned earlier, statins
induce HO-1 in various cell types, and this has been proposed
to account for their “pleiotropic” effects. However, with regard
to coronary heart disease, little evidence exists that these
pleiotropic effects are clinically relevant. Indeed, results of a
number of large-scale studies have established that the reduction
in incidence of coronary events after treatment with statins is al-
most entirely attributable to the extent of reduction in choles-
terol, and for a given extent of cholesterol reduction, the effi-
cacy of statins is comparable to that of other cholesterol-reducing
therapies (Fig. 7). This argues against a clinically significant role
of HO-1 induction by statins, as in this case, one would have ex-
pected statins to reduce coronary heart disease events to a greater
extent than other cholesterol-reducing therapies.

Many therapeutic compounds are delivered as prodrugs that
undergo modification in vivo to the active form. Simvastatin
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FIG. 8. Probucol bisphenol induces HO-1 in vitro but not in
vivo. (A) Rabbit aortic smooth muscles cells were treated with
100 �M either probucol, probucol dithiobisphenol (DTBP), or
probucol bisphenol (PBP) for 24 h before the relative level of
HO-1 mRNA was determined by quantitative real-time PCR,
as described (26). Results show mean � SEM (n � 3). *p �
0.05 compared with control (Ctrl); Mann–Whitney Rank Sum
test. (B) Immunohistochemical detection of HO-1 protein 4
days after balloon injury in aortic smooth muscle cells of rab-
bits supplemented with probucol, probucol dithiobisphenol, or
probucol bisphenol. Comparable results were obtained for aor-
tic tissue HO-1 mRNA and heme oxygenase activity (not
shown). Reproduced with permission from ref. 133.

FIG. 9. The amount of carrier protein-to-drug ratio affects
the ability of probucol to induce HO-1 in vitro. Probucol
(final concentration, 100 �M) was presented to rat aortic smooth
muscle cells as a complex with bovine serum albumin at the
amount indicated. The relative level of HO-1 mRNA was de-
termined by quantitative real-time PCR 2 h after commence-
ment of treatment, as described previously (26). The extent of
HO-1 induction appeared maximal at 0.2% (wt/vol) albumin,
corresponding to a molar albumin-to-probucol ratio of �1:3.
Results show mean � SEM (n � 3 separate experiments each
done in triplicate, except for 0.2% BSA, which is n � 1), with
the extent of HO-1 expression expressed relative to the no
probucol–containing sample (i.e., medium).

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1783&iName=master.img-007.jpg&w=215&h=327
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1783&iName=master.img-008.png&w=180&h=151


and lovastatin are examples of such compounds. Often, the bio-
transformation that occurs in vivo is not matched in the exper-
imental system in which the drug is commonly added to a sin-
gle cell type in vitro. This can result in false-negative results.
Conversely, false-positive results are also possible, in that com-
pounds that induce HO-1 in vitro in cells are ineffective in vivo.
As an example of the resulting complexity, probucol bisphenol
is the major metabolite of probucol in vivo, and it induces HO-
1 expression in cultured vascular smooth muscles (Fig. 8). In
sharp contrast, probucol bisphenol fails to induce HO-1 in vas-
cular smooth muscle cells in vivo, whereas both probucol and
probucol dithiobisphenol are active (133). This apparent dis-
crepancy between in vivo and in vitro efficacy presently repre-
sents a serious shortcoming in the design of new drugs that may
be protective via induction of HO-1.

Finally, many drugs are lipophilic, and this commonly rep-
resents an obstacle for in vitro experiments. The usual strategy
to overcome this problem is to add the compound of interest
together with a “carrier,” such as a protein. However, and as is

often unappreciated, the molar ratio of carrier protein to test
compound can importantly affect the outcome. This may be ex-
emplified with probucol. This highly lipophilic compound is
commonly added to cells as an albumin complex. However, as
can be seen in Fig. 9, the efficacy with which a constant con-
centration of probucol induces HO-1 in vascular smooth mus-
cle cells varies significantly depending on the molar ratio of al-
bumin to probucol.

The notion of targeting HO-1 to achieve pharmacologic
and therapeutic benefit is becoming widely accepted (4, 113).
As research continues to uncover positive actions of HO-1
on the maintenance of normal physiology and repair of
pathology, increasing numbers of potential applications are
likely to be discovered. Simultaneously, the effort to better
understand and characterize the molecular mechanism un-
derlying the protective properties of HO-1 will guide the de-
velopment of novel compounds that harness the body’s nat-
ural defense systems to combat the diseases they are designed
to treat or cure.
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TABLE 1. SOME PHARMACOLOGIC INDUCERS OF HO-1

Inducer Cells Nrf2 Activation References

Statins� ECV304 Human epithelial cell line Uncertain 42
RAW264.7 Mouse macrophage cell line Uncertain 15
Human and rat aortic smooth muscle cells Uncertain 75

NO donors Porcine aortic endothelial cells No 86
Rat aortic smooth muscle cells 31,47

Organic nitrates ECV304 Human epithelial cell line No 91
NO Human embryonic lung fibroblasts No 82
Aspirin ECV304 Human epithelial cell line No 41
15-Epi-lipoxin-A4 ECV304 Human epithelial cell ine No 89

analogue
AZD3582 ECV304 Human epithelial cell line, KATO III human

gastric adenocarcinoma cells No 10
Probucol Rabbit aortic smooth muscle No 26
Adrenomedullin Rat smooth muscle cells No 102
Atrial natriuretic peptide LLC-PK1 Pig proximal renal tubular epithelial No 98

Human umbilical vein endothelial cells No 69
D-4F Rat aorta No 71
Curcumin Human and porcine renal proximal tubule cells Yes 5

Bovine aortic endothelial cells 87
HBL100 and MDA-MB468 human breast cells 49
DI TNC1 Rat astrocytes 108

Rosolic acid Bovine aortic endothelial cells Yes 34
CAPE DI TNCI Rat astrocytes Yes 108
Sulforaphane Rat aortic smooth muscle cells Yes 134
Carnosol PC12 rat phaeochromocytoma Yes 83
a-Lipoic acid THP1 human monocytic cells Yes 92
Resveratrol Human aortic smooth muscle Yes 63

PC12 rat phaeochromocytoma 14
Piceatannol Bovine aortic endothelial cells Probable 136
Paclitaxel Rat vascular smooth muscle cells Uncertain 18
Rapamycin Human arterial endothelial and smooth muscle cells Uncertain 126
Ethyl ferulate Rat hippocampal neurons and astrocytes Probable 109
1,2,3,4,6-Penta-o- Neuro 2A mouse neuroblastoma Yes 19

galloyl-beta-D-glucose
Insulin ACHN Human renal adenocarcinoma Yes 46
Isoproterenol RAW 264.7 Mouse macrophage cell line Uncertain 116

*Includes simvastatin and lovastatin.
CAPE, Caffeic acid phenethyl ester.
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ABBREVIATIONS

AP-1, activator protein-1; CAPE, caffeic acid phenethyl es-
ter; cGMP, cyclic guanosine monophosphate; HO-1, heme 
oxygenase-1; Keap1, Kelch-like ECH-associated protein-1;
MAPK, mitogen-activated protein kinase; NF-�B, nuclear fac-
tor-kappa B; NO, nitric oxide; NOS, nitric oxide synthase; Nrf2,
nuclear factor E2–related factor-2; sGC, soluble guanlyate cy-
clase.

REFERENCES

1. Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, and
Cook JL. Nrf2, a Cap’n’Collar transcription factor, regulates 
induction of the heme oxygenase-1 gene. J Biol Chem 274:
26071–26078, 1999.

2. Alam J, Wicks C, Stewart D, Gong P, Touchard C, Otterbein S,
Choi AM, Burow ME, and Tou J. Mechanism of heme oxyge-
nase-1 gene activation by cadmium in MCF-7 mammary epithe-
lial cells. Role of p38 kinase and Nrf2 transcription factor. J Biol
Chem 275: 27694–27702, 2000.

3. Andreadi CK, Howells LM, Atherfold PA, and Manson MM. In-
volvement of Nrf2, p38, B-Raf, and nuclear factor-kappaB, but
not phosphatidylinositol 3-kinase, in induction of hemeoxyge-
nase-1 by dietary polyphenols. Mol Pharmacol 69: 1033–1040,
2006.

4. Bach FH. Heme oxygenase-1: a therapeutic amplification funnel.
FASEB J 19: 1216–1219, 2005.

5. Balogun E, Hoque M, Gong P, Killeen E, Green CJ, Foresti R,
Alam J, and Motterlini R. Curcumin activates the haem oxyge-
nase-1 gene via regulation of Nrf2 and the antioxidant-responsive
element. Biochem J 371: 887–895, 2003.

6. Basseres DS and Baldwin AS. Nuclear factor-kappaB and inhib-
itor of kappaB kinase pathways in oncogenic initiation and pro-
gression. Oncogene 25: 6817–6830, 2006.

7. Baur JA and Sinclair DA. Therapeutic potential of resveratrol: the
in vivo evidence. Nat Rev Drug Discov 5: 493–506, 2006.

8. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A,
Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, Pistell PJ, Poos-
ala S, Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy S,
Fishbein KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ,
Navas P, Puigserver P, Ingram DK, de Cabo R, and Sinclair DA.
Resveratrol improves health and survival of mice on a high-calo-
rie diet. Nature 444: 337–342, 2006.

9. Bellosta S, Paoletti R, and Corsini A. Safety of statins: focus on
clinical pharmacokinetics and drug interactions. Circulation 109:
III50–III57, 2004.

10. Berndt G, Grosser N, Hoogstraate J, and Schrîder H. AZD3582
increases heme oxygenase-1 expression and antioxidant activity
in vascular endothelial and gastric mucosal cells. Eur J Pharm
Sci 25: 229–235, 2005.

11. Bouton C and Demple B. Nitric oxide-inducible expression of
heme oxygenase-1 in human cells: translation-independent stabi-

lization of the mRNA and evidence for direct action of nitric ox-
ide. J Biol Chem 275: 32688–32693, 2000.

12. Brown J, Reading SJ, Jones S, Fitchett CJ, Howl J, Martin A,
Longland CL, Michelangeli F, Dubrova YE, and Brown CA. Crit-
ical evaluation of ECV304 as a human endothelial cell model de-
fined by genetic analysis and functional responses: a comparison
with the human bladder cancer derived epithelial cell line T24/83.
Lab Invest 80: 37–45, 2000.

13. Chang L and Karin M. Mammalian MAP kinase signalling cas-
cades. Nature 410: 37–40, 2001.

14. Chen CY, Jang JH, Li MH, and Surh YJ. Resveratrol upregulates
heme oxygenase-1 expression via activation of NF-E2-related 
factor 2 in PC12 cells. Biochem Biophys Res Commun 331:
993–1000, 2005.

15. Chen JC, Huang KC, and Lin WW. HMG-CoA reductase in-
hibitors upregulate heme oxygenase-1 expression in murine
RAW264.7 macrophages via ERK, p38 MAPK and protein ki-
nase G pathways. Cell Signal 18: 32–39, 2006.

16. Chen JC, Chen Y, Lin JH, Wu JM, and Tseng SH. Resveratrol
suppresses angiogenesis in gliomas: evaluation by color Doppler
ultrasound. Anticancer Res 26: 1237–1245, 2006.

17. Choi AM and Alam J. Heme oxygenase-1: function, regulation,
and implication of a novel stress-inducible protein in oxidant-in-
duced lung injury. Am J Respir Cell Mol Biol 15: 9–19, 1996.

18. Choi BM, Kim YM, Jeong YR, Pae HO, Song CE, Park JE, Ahn
YK, and Chung HT. Induction of heme oxygenase-1 is involved
in anti-proliferative effects of paclitaxel on rat vascular smooth
muscle cells. Biochem Biophys Res Commun 321: 132–137, 2004.

19. Choi BM, Kim HJ, Oh GS, Pae HO, Oh H, Jeong S, Kwon TO,
Kim YM, and Chung HT. 1,2,3,4,6-Penta-O-galloyl-beta-D-glu-
cose protects rat neuronal cells (Neuro 2A) from hydrogen per-
oxide-mediated cell death via the induction of heme oxygenase-
1. Neurosci Lett 328: 185–189, 2002.

20. Choi HS and Moore DD. Induction of c-fos and c-jun gene ex-
pression by phenolic antioxidants. Mol Endocrinol 7: 1596–1602,
1993.

21. Chun YJ, Kim MY, and Guengerich FP. Resveratrol is a selec-
tive human cytochrome P450 1A1 inhibitor. Biochem Biophys Res
Commun 262: 20–24, 1999.

22. Chung SW, Chen YH, and Perrella MA. Role of ets-2 in the reg-
ulation of heme oxygenase-1 by endotoxin. J Biol Chem 280:
4578–4584, 2005.

23. Claria J and Serhan CN. Aspirin triggers previously undescribed
bioactive eicosanoids by human endothelial cell-leukocyte inter-
actions. Proc Natl Acad Sci U S A 92: 9475–9479, 1995.

24. Corder R, Mullen W, Khan NQ, Marks SC, Wood EG, Carrier
MJ, and Crozier A. Oenology: red wine procyanidins and vascu-
lar health. Nature 444: 566, 2006.

25. Delmas D, Lancon A, Colin D, Jannin B, and Latruffe N. Resver-
atrol as a chemopreventive agent: a promising molecule for fight-
ing cancer. Curr Drug Targets 7: 423–442, 2006.

26. Deng YM, Wu BJ, Witting PK, and Stocker R. Probucol protects
against smooth muscle cell proliferation by upregulating heme
oxygenase-1. Circulation 110: 1855–1860, 2004.

27. Dhakshinamoorthy S, Jain AK, Bloom DA, and Jaiswal AK.
BACH1 competes with NRF2 leading to negative regulation of
are-mediated NAD(P)H: quinone oxidoreductase1 gene expres-
sion and induction in response to antioxidants. J Biol Chem 280:
16891–16900, 2005.

28. Dinkova-Kostova AT, Massiah MA, Bozak RE, Hicks RJ, and
Talalay P. Potency of Michael reaction acceptors as inducers of
enzymes that protect against carcinogenesis depends on their re-
activity with sulfhydryl groups. Proc Natl Acad Sci U S A 98:
34040–33409, 2001.

29. Duckers HJ, Boehm M, True AL, Yet S-F, San H, Park JL, Webb
RC, Lee M-E, Nable GJ, and Nabel EG. Heme oxygenase-1 pro-
tects against vascular constriction and proliferation. Nat Med 7:
693–698, 2001.

30. Durante W. Heme oxygenase-1 in growth control and its clinical
application to vascular disease. J Cell Physiol 195: 373–382,
2003.

31. Durante W, Kroll MH, Christodoulides N, Peyton KJ, and Schafer
AI. Nitric oxide induces heme oxygenase-1 gene expression and

LI ET AL.2236



carbon monoxide production in vascular smooth muscle cells.
Circ Res 80: 557–564, 1997.

32. Eggler AL, Liu G, Pezzuto JM, van Breemen RB, and Mesecar
AD. Modifying specific cysteines of the electrophile-sensing hu-
man Keap1 protein is insufficient to disrupt binding to the Nrf2
domain Neh2. Proc Natl Acad Sci U S A 102: 10070–10075, 2005.

33. Endo A and Hasumi K. HMG-CoA reductase inhibitors. Nat Prod
Rep 10: 541–550, 1993.

34. Foresti R, Hoque M, Monti D, Green CJ, and Motterlini R. Dif-
ferential activation of heme oxygenase-1 by chalcones and roso-
lic acid in endothelial cells. J Pharmacol Exp Ther 312: 686–693,
2005.

35. Francis SH and Corbin JD. Cyclic nucleotide-dependent protein
kinases: intracellular receptors for cAMP and cGMP action. Crit
Rev Clin Lab Sci 36: 275–328, 1999.

36. Fruebis J, Steinberg D, Dresel HA, and Carew TA. A compari-
son of the antiatherogenic effects of probucol and a structural ana-
logue of probucol in low density lipoprotein receptor-deficient
rabbits. J Clin Invest 94: 392–398, 1994.

37. Fukao H, Ijiri Y, Miura M, Hashimoto M, Yamashita T, Fuku-
naga C, Oiwa K, Kawai Y, Suwa M, and Yamamoto J. Effect of
trans-resveratrol on the thrombogenicity and atherogenicity in
apolipoprotein E-deficient and low-density lipoprotein receptor-
deficient mice. Blood Coagul Fibrinol 15: 441–446, 2004.

38. Fukuda S, Kaga S, Zhan L, Bagchi D, Das DK, Bertelli A, and
Maulik N. Resveratrol ameliorates myocardial damage by induc-
ing vascular endothelial growth factor-angiogenesis and tyrosine
kinase receptor Flk-1. Cell Biochem Biophys 44: 43–49, 2006.

39. Garg UC and Hassid A. Nitric oxide-generating vasodilators and
8-bromo-cyclic guanosine monophosphate inhibit mitogenesis
and proliferation of cultured rat vascular smooth muscle cells. J
Clin Invest 83: 1774–1777, 1989.

40. Goh SS, Woodman OL, Pepe S, Cao AH, Qin C, and Ritchie RH.
The red wine antioxidant resveratrol prevents cardiomyocyte in-
jury following ischemia-reperfusion via multiple sites and mech-
anisms. Antioxid Redox Signal 9: 101–113, 2007.

41. Grosser N, Abate A, Oberle S, Vreman HJ, Dennery PA, Becker
JC, Pohle T, Seidman DS, and Schröder H. Heme oxygenase-1
induction may explain the antioxidant profile of aspirin. Biochem
Biophys Res Commun 308: 956–960, 2003.

42. Grosser N, Hemmerle A, Berndt G, Erdmann K, Hinkelmann U,
Schürger S, Wijayanti N, Immenschuh S, and Schröder H. The
antioxidant defense protein heme oxygenase 1 is a novel target
for statins in endothelial cells. Free Radic Biol Med 37:
2064–2071, 2004.

43. Group HPSC. MRC/BHF Heart Protection Study of cholesterol
lowering with simvastatin in 20,536 high-risk individuals: a ran-
domised placebo-controlled trial. Lancet 360: 7–22, 2002.

44. Grundemar L and Ny L. Pitfalls using metalloporphyrins in car-
bon monoxide research. Trends Pharmacol Sci 18: 193–195,
1997.

45. Harris LK, Mann GE, Ruiz E, Mushtaq S, and Leake DS. Ascor-
bate does not protect macrophages against apoptosis induced by
oxidised low density lipoprotein. Arch Biochem Biophys 455:
68–76, 2006.

46. Harrison EM, McNally SJ, Devey L, Garden OJ, Ross JA, and
Wigmore SJ. Insulin induces heme oxygenase-1 through the phos-
phatidylinositol 3-kinase/Akt pathway and the Nrf2 transcription
factor in renal cells. FEBS J 273: 2345–2356, 2006.

47. Hartsfield CL, Alam J, Cook JL, and Choi AM. Regulation of
heme oxygenase-1 gene expression in vascular smooth muscle
cells by nitric oxide. Am J Physiol 273: L980–L988, 1997.

48. Hickey MJ, Sharkey KA, Sihota EG, Reinhardt PH, Macmicking
JD, Nathan C, and Kubes P. Inducible nitric oxide synthase-defi-
cient mice have enhanced leukocyte-endothelium interactions in
endotoxemia. FASEB J 11: 955–964, 1997.

49. Hill-Kapturczak N, Thamilselvan V, Liu F, Nick HS, and Agar-
wal A. Mechanism of heme oxygenase-1 gene induction by cur-
cumin in human renal proximal tubule cells. Am J Physiol Renal
Physiol 281: F851–F859, 2001.

50. Hong F, Freeman ML, and Liebler DC. Identification of sensor
cysteines in human keap1 modified by the cancer chemopreven-
tive agent sulforaphane. Chem Res Toxicol 18: 1917–1926, 2005.

51. Hong F, Sekhar KR, Freeman ML, and Liebler DC. Specific pat-
terns of electrophile adduction trigger Keap1 ubiquitination and
Nrf2 activation. J Biol Chem 280: 31768–31775, 2005.

52. Hsu M, Muchova L, Morioka I, Wong RJ, Schröder H, and
Stevenson DK. Tissue-specific effects of statins on the expression
of heme oxygenase-1 in vivo. Biochem Biophys Res Commun 343:
738–744, 2006.

53. Ignarro LJ. Endothelium-derived nitric oxide: actions and prop-
erties. FASEB J 3: 31–36, 1989.

54. Ignarro LJ. Nitric oxide: a novel signal transduction mechanism
for transcellular communication. Hypertension 16: 477–483, 1990.

55. Ignarro LJ, Napoli C, and Loscalzo J. Nitric oxide donors and
cardiovascular agents modulating the bioactivity of nitric oxide:
an overview. Circ Res 90: 21–28, 2002.

56. Ignarro LJ, Cirino G, Casini A, and Napoli C. Nitric oxide as a
signaling molecule in the vascular system: an overview. J Car-
diovasc Pharmacol 34: 879–886, 1999.

57. Immenschuh S, Hinke V, Ohlmann A, Gifhorn-Katz S, Katz N,
Jungermann K, and Kietzmann T. Transcriptional activation of
the haem oxygenase-1 gene by cGMP via a cAMP response ele-
ment/activator protein-1 element in primary cultures of rat hepa-
tocytes. Biochem J 334: 141–146, 1998.

58. Inamdar NM, Ahn YI, and Alam J. The heme-responsive element
of the mouse heme oxygenase-1 gene is an extended AP-1 bind-
ing site that resembles the recognition sequences for MAF and
NF-E2 transcription factors. Biochem Biophys Res Commun 221:
570–576, 1996.

59. Ishikawa K, Sugawara D, Goto J, Watanabe Y, Kawamura K, 
Shiomi M, Itabe H, and Maruyama Y. Heme oxygenase-1 inhibits
atherogenesis in Watanabe heritable hyperlipidemic rabbits. Cir-
culation 104: 1831–1836, 2001.

60. Itoh K, Wakabayashi N, Katoh Y, Ishii T, O’Connor T, and Ya-
mamoto M. Keap1 regulates both cytoplasmic-nuclear shuttling
and degradation of Nrf2 in response to electrophiles. Genes Cells
8: 379–391, 2003.

61. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD,
and Yamamoto M. Keap1 represses nuclear activation of antiox-
idant responsive elements by Nrf2 through binding to the amino-
terminal Neh2 domain. Genes Dev 13: 76–86, 1999.

62. Johnson GL and Lapadat R. Mitogen-activated protein kinase
pathways mediated by ERK, JNK, and p38 protein kinases. Sci-
ence 298: 1911–1912, 2002.

63. Juan SH, Cheng TH, Lin HC, Chu YL, and Lee WS. Mechanism
of concentration-dependent induction of heme oxygenase-1 by
resveratrol in human aortic smooth muscle cells. Biochem Phar-
macol 69: 41–48, 2005.

64. Juan SH, Lee TS, Tseng KW, Liou JY, Shyue SK, Wu KK, and
Chau LY. Adenovirus-mediated heme oxygenase-1 gene transfer
inhibits the development of atherosclerosis in apolipoprotein E-
deficient mice. Circulation 104: 1519–1525, 2001.

65. Kabe Y, Ando K, Hirao S, Yoshida M, and Handa H. Redox reg-
ulation of NF-kappaB activation: distinct redox regulation be-
tween the cytoplasm and the nucleus. Antioxid Redox Signal 7:
395–403, 2005.

66. Karin M. Nuclear factor-kappaB in cancer development and pro-
gression. Nature 441: 431–436, 2006.

67. Karin M, Liu Z, and Zandi E. AP-1 function and regulation. Curr
Opin Cell Biol 9: 240–246, 1997.

68. Keum YS, Yu S, Chang PP, Yuan X, Kim JH, Xu C, Han J, Agar-
wal A, and Kong AN. Mechanism of action of sulforaphane: 
inhibition of p38 mitogen-activated protein kinase isoforms con-
tributing to the induction of antioxidant response element-medi-
ated heme oxygenase-1 in human hepatoma hepG2 cells. Cancer
Res 66: 8804–8813, 2006.

69. Kiemer AK, Bildner N, Weber NC, and Vollmar AM. Charac-
terization of heme oxygenase 1 (heat shock protein 32) induction
by atrial natriuretic peptide in human endothelial cells. En-
docrinology 144: 802–812, 2003.

70. Kronke G, Bochkov VN, Huber J, Gruber F, Bluml S, Furnkranz
A, Kadl A, Binder BR, and Leitinger N. Oxidized phospholipids
induce expression of human heme oxygenase-1 involving activa-
tion of cAMP-responsive element-binding protein. J Biol Chem
278: 51006–51014, 2003.

INDUCTION OF HEME OXYGENASE-1 2237



71. Kruger AL, Peterson S, Turkseven S, Kaminski PM, Zhang FF,
Quan S, Wolin MS, and Abraham NG. D-4F induces heme oxy-
genase-1 and extracellular superoxide dismutase, decreases en-
dothelial cell sloughing, and improves vascular reactivity in rat
model of diabetes. Circulation 111: 3126–3134, 2005.

72. Kuo ML, Huang TS, and Lin JK. Curcumin, an antioxidant and
anti-tumor promoter, induces apoptosis in human leukemia cells.
Biochim Biophys Acta 1317: 95–100, 1996.

73. Kurumbail RG, Kiefer JR, and Marnett LJ. Cyclooxygenase en-
zymes: catalysis and inhibition. Curr Opin Struct Biol 11: 752–
760, 2001.

74. Lavrovsky Y, Schwartzman ML, Levere RD, Kappas A, and
Abraham NG. Identification of binding sites for transcription fac-
tors NF-kappa B and AP-2 in the promoter region of the human
heme oxygenase 1 gene. Proc Natl Acad Sci U S A 91: 5987–5991,
1994.

75. Lee TS, Chang CC, Zhu Y, and Shyy JY. Simvastatin induces
heme oxygenase-1: a novel mechanism of vessel protection. Cir-
culation 110: 1296–1302, 2004.

76. Liu XM, Peyton KJ, Ensenat D, Wang H, Schafer AI, Alam J,
and Durante W. Endoplasmic reticulum stress stimulates heme
oxygenase-1 gene expression in vascular smooth muscle: role in
cell survival. J Biol Chem 280: 872–877, 2005.

77. Liu Y, MoenneLoccoz P, Loehr TM, and OrtizdeMontellano PR.
Heme oxygenase-1, intermediates in verdoheme formation and
the requirement for reduction equivalents. J Biol Chem 272:
6909–6917, 1997.

78. Loboda A, Jazwa A, Jozkowicz A, Dorosz J, Balla J, Molema G,
and Dulak J. Atorvastatin prevents hypoxia-induced inhibition of
endothelial nitric oxide synthase expression but does not affect
heme oxygenase-1 in human microvascular endothelial cells. Ath-
erosclerosis 187: 26–30, 2006.

79. Lusis AJ. Atherosclerosis. Nature 407: 233–241, 2000.
80. Maines MD. The heme oxygenase system: a regulator of second

messenger gases. Annu Rev Pharmacol Toxicol 37: 517–554,
1997.

81. Maines MD and Gibbs PEM. 30 years of heme oxygenase: from
a “molecular wrecking ball” to a “mesmerizing” trigger of cellu-
lar events. Biochem Biophys Res Commun 338: 568–577, 2005.

82. Marquis JC and Demple B. Complex genetic response of human
cells to sublethal levels of pure nitric oxide. Cancer Res 58:
3435–3440, 1998.

83. Martin D, Rojo AI, Salinas M, Diaz R, Gallardo G, Alam J, De
Galarreta CM, and Cuadrado A. Regulation of heme oxygenase-
1 expression through the phosphatidylinositol 3-kinase/Akt path-
way and the Nrf2 transcription factor in response to the antioxi-
dant phytochemical carnosol. J Biol Chem 279: 8919–8929, 2004.

84. McAdam BF, Mardini IA, Habib A, Burke A, Lawson JA, Kapoor
S, and FitzGerald GA. Effect of regulated expression of human
cyclooxygenase isoforms on eicosanoid and isoeicosanoid pro-
duction in inflammation. J Clin Invest 105: 1473–1482, 2000.

85. Mellion BT, Ignarro LJ, Myers CB, Ohlstein EH, Ballot BA, Hy-
man AL, and Kadowitz PJ. Inhibition of human platelet aggrega-
tion by S-nitrosothiols. Heme-dependent activation of soluble
guanylate cyclase and stimulation of cyclic GMP accumulation.
Mol Pharmacol 23: 653–664, 1983.

86. Motterlini R, Foresti R, Intaglietta M, and Winslow RM. NO-me-
diated activation of heme oxygenase: endogenous cytoprotection
against oxidative stress to endothelium. Am J Physiol Heart Circ
Physiol 270: H107–H114, 1996.

87. Motterlini R, Foresti R, Bassi R, and Green CJ. Curcumin, an
antioxidant and anti-inflammatory agent, induces heme oxyge-
nase-1 and protects endothelial cells against oxidative stress. Free
Radic Biol Med 28: 1303–1312, 2000.

88. Napoli C and Ignarro LJ. Nitric oxide, and atherosclerosis. Nitric
Oxide 5: 88–97, 2001.

89. Nascimento-Silva V, Arruda MA, Barja-Fidalgo C, Villela CG,
and Fierro IM. Novel lipid mediator aspirin-triggered lipoxin A4
induces heme oxygenase-1 in endothelial cells. Am J Physiol Cell
Physiol 289: C557–C563, 2005.

90. Nguyen T, Sherratt PJ, and Pickett CB. Regulatory mechanisms
controlling gene expression mediated by the antioxidant response
element. Annu Rev Pharmacol Toxicol 43: 233–260, 2003.

91. Oberle S, Abate A, Grosser N, Vreman HJ, Dennery PA, Schnei-
der HT, Stalleicken D, and Schrîder H. Heme oxygenase-1 in-
duction may explain the antioxidant profile of pentaerythrityl
trinitrate. Biochem Biophys Res Commun 290: 1539–1544, 2002.

92. Ogborne RM, Rushworth SA, and O’Connell MA. �-Lipoic acid-
induced heme oxygenase-1 expression is mediated by nuclear fac-
tor erythroid 2-related factor 2 and p38 mitogen-activated protein
kinase in human monocytic cells. Arterioscler Thromb Vasc Biol
25: 2100–2105, 2005.

93. Ogborne RM, Rushworth SA, Charalambos CA, and O’Connell
MA. Haem oxygenase-1: a target for dietary antioxidants.
Biochem Soc Trans 32: 1003–1005, 2004.

94. Ortiz de Montellano PR. The mechanism of heme oxygenase.
Curr Opin Chem Biol 4: 221–227, 2000.

95. Otterbein LE, Soares MP, Yamashita K, and Bach FH. Heme oxy-
genase-1: unleashing the protective properties of heme. Trends
Immunol 24: 449–455, 2003.

96. Paul-Clark MJ, Van Cao T, Moradi-Bidhendi N, Cooper D, and
Gilroy DW. 15-Epi-lipoxin A4-mediated induction of nitric ox-
ide explains how aspirin inhibits acute inflammation. J Exp Med
200: 69–78, 2004.

97. Perkins ND. Post-translational modifications regulating the ac-
tivity and function of the nuclear factor kappa B pathway. Onco-
gene 25: 6717–6730, 2006.

98. Polte T, Hemmerle A, Berndt G, Grosser N, Abate A, and
Schröder H. Atrial natriuretic peptide reduces cyclosporin toxicity
in renal cells: role of cGMP and heme oxygenase-1. Free Radic
Biol Med 32: 56–63, 2002.

99. Prawan A, Kundu JK, and Surh YJ. Molecular basis of heme oxy-
genase-1 induction: implications for chemoprevention and chemo-
protection. Antioxid Redox Signal 7: 1688–1703, 2005.

100. Prestera T, Talalay P, Alam J, Ahn YI, Lee PJ, and Choi AM.
Parallel induction of heme oxygenase-1 and chemoprotective
phase 2 enzymes by electrophiles and antioxidants: regulation by
upstream antioxidant-responsive elements (ARE). Mol Med 1:
827–837, 1995.

101. Prochaska HJ, De Long MJ, and Talalay P. On the mechanisms
of induction of cancer-protective enzymes: a unifying proposal.
Proc Natl Acad Sci USA 82: 8232–8236, 1985.

102. Qi YF, Dong LW, Pan CS, Zhang J, Geng B, Zhao J, and Tang
CS. Adrenomedullin induces heme oxygenase-1 gene expression
and cGMP formation in rat vascular smooth muscle cells. Pep-
tides 26: 1257–1263, 2005.

103. Rosenberg DW and Kappas A. Characterization of heme oxyge-
nase in the small intestinal epithelium. Arch Biochem Biophys
274: 471–480, 1989.

104. Ryter SW, Alam J, and Choi AM. Heme oxygenase-1/carbon
monoxide: from basic science to therapeutic applications. Phys-
iol Rev 86: 583–650, 2006.

105. Sacerdoti D, Escalante B, Abraham NG, McGiff JC, Levere RD,
and Schwartzman ML. Treatment with tin prevents the develop-
ment of hypertension in spontaneously hypertensive rats. Science
243: 388–390, 1989.

106. Sassa S. Why heme needs to be degraded to iron, biliverdin IX-
alpha, and carbon monoxide? Antioxid Redox Signal 6: 819–824,
2004.

107. Sawayama Y, Shimizu C, Maeda N, Tatsukawa M, Kinukawa N,
Koyanagi S, Kashiwagi S, and Hayashi J. Effects of probucol and
pravastatin on common carotid atherosclerosis in patients with
asymptomatic hypercholesterolemia: Fukuoka Atherosclerosis
Trial (FAST). J Am Coll Cardiol 39: 610–616, 2002.

108. Scapagnini G, Foresti R, Calabrese V, Giuffrida Stella AM, Green
CJ, and Motterlini R. Caffeic acid phenethyl ester and curcumin:
a novel class of heme oxygenase-1 inducers. Mol Pharmacol 61:
554–561, 2002.

109. Scapagnini G, Butterfield DA, Colombrita C, Sultana R, Pascale
A, and Calabrese V. Ethyl ferulate, a lipophilic polyphenol, in-
duces HO-1 and protects rat neurons against oxidative stress. An-
tioxid Redox Signal 6: 811–818, 2004.

110. Sever PS, Dahlof B, Poulter NR, Wedel H, Beevers G, Caulfield
M, Collins R, Kjeldsen SE, Kristinsson A, McInnes GT, Mehlsen
J, Nieminen M, O’Brien E, and Ostergren J. Prevention of coro-
nary and stroke events with atorvastatin in hypertensive patients

LI ET AL.2238



who have average or lower-than-average cholesterol concentra-
tions, in the Anglo-Scandinavian Cardiac Outcomes Trial–Lipid
Lowering Arm (ASCOT-LLA): a multicentre randomised con-
trolled trial. Lancet 361: 1149–1158, 2003.

111. Stenton SB, Partovi N, and Ensom MH. Sirolimus: the evidence
for clinical pharmacokinetic monitoring. Clin Pharmacokinet 44:
769–786, 2005.

112. Stewart D, Killeen E, Naquin R, Alam S, and Alam J. Degrada-
tion of transcription factor Nrf2 via the ubiquitin-proteasome path-
way and stabilization by cadmium. J Biol Chem 278: 2396–2402,
2003.

113. Stocker R and Perrella MA. Heme oxygenase-1: a novel drug tar-
get for atherosclerotic diseases? Circulation 114: 2178–2189,
2006.

114. Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, and Ames
BN. Bilirubin is an antioxidant of possible physiological impor-
tance. Science 235: 1043–1046, 1987.

115. Sun J, Brand M, Zenke Y, Tashiro S, Groudine M, and Igarashi
K. Heme regulates the dynamic exchange of Bach1 and NF-E2-
related factors in the Maf transcription factor network. Proc Natl
Acad Sci U S A 101: 1461–1466, 2004.

116. Sun J, Kim SJ, Park MK, Kim HJ, Tsoy I, Kang YJ, Lee YS, Seo
HG, Lee JH, and Chang KC. Selective activation of adrenergic
�1 receptors induces heme oxygenase 1 production in RAW264.7
cells. FEBS Lett 579: 5494–5500, 2005.

117. Suzuki H, Tashiro S, Sun J, Doi H, Satomi S, and Igarashi K.
Cadmium induces nuclear export of Bach1, a transcriptional re-
pressor of heme oxygenase-1 gene. J Biol Chem 278:
49246–49253, 2003.

118. Tanabe K, Serruys PW, Grube E, Smits PC, Selbach G, van der
Giessen WJ, Staberock M, de Feyter P, Muller R, Regar E,
Degertekin M, Ligthart JM, Disco C, Backx B, and Russell ME.
TAXUS III Trial: in-stent restenosis treated with stent-based de-
livery of paclitaxel incorporated in a slow-release polymer for-
mulation. Circulation 107: 559–564, 2003.

119. Tardif J-C, Côté G, Lespérance J, Bourassa M, Lambert J, Doucet
S, Bilodeau L, Nattel S, and de Guise P. Probucol and multivit-
amins in the prevention of restenosis after coronary angioplasty.
N Engl J Med 337: 365–372, 1997.

120. Tardif JC, Gregoire J, Schwartz L, Title L, Laramee L, Reeves F,
Lesperance J, Bourassa MG, L’Allier PL, Glass M, Lambert J,
and Guertin MC. Effects of AGI-1067 and probucol after percu-
taneous coronary interventions. Circulation 107: 552–558, 2003.

121. Tenhunen R, Marver HS, and Schmid R. The enzymatic conver-
sion of heme to bilirubin by microsomal heme oxygenase. Proc
Natl Acad Sci U S A 61: 748–755, 1968.

122. Terry CM, Clikeman JA, Hoidal JR, and Callahan KS. TNF-a and
IL-1� induce heme oxygenase-1 via protein kinase C, Ca2�, and
phospholipase A2 in endothelial cells. Am J Physiol 276:
H1493–H1501, 1999.

123. Thompson GR and Barter PJ. Clinical lipidology at the end of the
millennium. Curr Opin Lipidol 10: 521–526, 1999.

124. Treisman R. Regulation of transcription by MAP kinase cascades.
Curr Opin Cell Biol 8: 205–215, 1996.

125. Tulis DA, Durante W, Liu X, Evans AJ, Peyton KJ, and Schafer
AI. Adenovirus-mediated heme oxygenase-1 gene delivery in-
hibits injury-induced vascular neointima formation. Circulation
104: 2710–2715, 2001.

126. Visner GA, Lu F, Zhou H, Liu J, Kazemfar K, and Agarwal A.
Rapamycin induces heme oxygenase-1 in human pulmonary vas-
cular cells: implications in the antiproliferative response to ra-
pamycin. Circulation 107: 911–916, 2003.

127. Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang MI,
Kobayashi A, Yamamoto M, Kensler TW, and Talalay P. Pro-
tection against electrophile and oxidant stress by induction of the
phase 2 response: fate of cysteines of the Keap1 sensor modified
by inducers. Proc Natl Acad Sci U S A 101: 2040–2045, 2004.

128. Waksman R, Ajani AE, Pichard AD, Torguson R, Pinnow E,
Canos D, Satler LF, Kent KM, Kuchulakanti P, Pappas C, Gam-
bone L, Weissman N, Abbott MC, and Lindsay J. Oral rapamycin
to inhibit restenosis after stenting of de novo coronary lesions:

the Oral Rapamune to Inhibit Restenosis (ORBIT) study. J Am
Coll Cardiol 44: 1386–1392, 2004.

129. Wang J and Ortiz de Montellano PR. The binding sites on human
heme oxygenase-1 for cytochrome p450 reductase and biliverdin
reductase. J Biol Chem 278: 20069–20076, 2003.

130. Was H, Cichon T, Smolarczyk R, Rudnicka D, Stopa M, Cheva-
lier C, Leger JJ, Lackowska B, Grochot A, Bojkowska K, Rata-
jska A, Kieda C, Szala S, Dulak J, and Jozkowicz A. Overex-
pression of heme oxygenase-1 in murine melanoma: increased
proliferation and viability of tumor cells, decreased survival of
mice. Am J Pathol 169: 2181–2198, 2006.

131. Wilson T, Knight TJ, Beitz DC, Lewis DS, and Engen RL. Resver-
atrol promotes atherosclerosis in hypercholesterolemic rabbits.
Life Sci 59: 15–21, 1996.

132. Witting PK, Pettersson K, Letters J, and Stocker R. Site-specific
anti-atherogenic effect of probucol in apolipoprotein E deficient
mice. Arterioscler Thromb Vasc Biol 20: e26–e33, 2000.

133. Wu BJ, Kathir K, Witting PK, Beck K, Choy K, Li C, Croft KD,
Mori TA, Tanous D, Adams MR, Lau AK, and Stocker R. An-
tioxidants protect from atherosclerosis by a heme oxygenase-1
pathway that is independent of free radical scavenging. J Exp Med
203: 1117–1127, 2006.

134. Wu L and Juurlink BH. The impaired glutathione system and 
its up-regulation by sulforaphane in vascular smooth muscle 
cells from spontaneously hypertensive rats. J Hypertens 19:
1819–1825, 2001.

135. Wullschleger S, Loewith R, and Hall MN. TOR signaling in
growth and metabolism. Cell 124: 471–484, 2006.

136. Wung BS, Hsu MC, Wu CC, and Hsieh CW. Piceatannol upreg-
ulates endothelial heme oxygenase-1 expression via novel protein
kinase C and tyrosine kinase pathways. Pharmacol Res 53:
113–122, 2006.

137. Yet SF, Pellacani A, Patterson C, Tan L, Folta SC, Foster L, Lee
WS, Hsieh CM, and Perrella MA. Induction of heme oxygenase-
1 expression in vascular smooth muscle cells: a link to endotoxic
shock. J Biol Chem 272: 4295–4301, 1997.

138. Yet SF, Tian R, Layne MD, Wang ZY, Maemura K, Solovyeva
M, Ith B, Melo LG, Zhang L, Ingwall JS, Dzau VJ, Lee ME, and
Perrella MA. Cardiac-specific expression of heme oxygenase-1
protects against ischemia and reperfusion injury in transgenic
mice. Circ Res 89: 168–173, 2001.

139. Yoshida T and Kikuchi G. Sequence of the reaction of heme ca-
tabolism catalyzed by the microsomal heme oxygenase system.
FEBS Lett 48: 256–261, 1974.

140. Zhang DD, Lo SC, Sun Z, Habib GM, Lieberman MW, and Han-
nink M. Ubiquitination of Keap1, a BTB-Kelch substrate adaptor
protein for Cul3, targets Keap1 for degradation by a proteasome-
independent pathway. J Biol Chem 280: 30091–30099, 2005.

141. Zhou H, Liu H, Porvasnik SL, Terada N, Agarwal A, Cheng Y,
and Visner GA. Heme oxygenase-1 mediates the protective ef-
fects of rapamycin in monocrotaline-induced pulmonary hyper-
tension. Lab Invest 86: 62–71, 2006.

Address reprint requests to:
Dr. Roland Stocker

Centre for Vascular Research
Discipline of Pathology

Bosch Institute
The Medical Foundation

University of Sydney
The Medical Foundation Building K25

92-94 Parramatta Road
Camperdown NSW 2006, Australia

E-mail: rstocker@med.usyd.edu.au

Date of first submission to ARS Central, June 14, 2007; date
of acceptance, June 29, 2007.

INDUCTION OF HEME OXYGENASE-1 2239





This article has been cited by:

1. Maria E. Lönn, Joanne M. Dennis, Roland Stocker. 2012. Actions of “antioxidants” in the protection against atherosclerosis.
Free Radical Biology and Medicine 53:4, 863-884. [CrossRef]

2. Ludwig K. Groebler, Xiao Suo Wang, Hyun Bo Kim, Anu Shanu, Farjaneh Hossain, Aisling C. McMahon, Paul K. Witting.
2012. Cosupplementation with a synthetic, lipid-soluble polyphenol and vitamin C inhibits oxidative damage and improves
vascular function yet does not inhibit acute renal injury in an animal model of rhabdomyolysis. Free Radical Biology and
Medicine . [CrossRef]

3. Jane Stock. 2012. Controversies in dyslipidemia management. Atherosclerosis . [CrossRef]

4. Claudia Di Giacomo, Rosaria Acquaviva, Rosa Santangelo, Valeria Sorrenti, Luca Vanella, Giovanni Li Volti, Nicolantonio
D'Orazio, Angelo Vanella, Fabio Galvano. 2012. Effect of Treatment with Cyanidin-3-O-##-D-Glucoside on Rat Ischemic/
Reperfusion Brain Damage. Evidence-Based Complementary and Alternative Medicine 2012, 1-10. [CrossRef]

5. Barbara Calamini, Maria Catarina Silva, Franck Madoux, Darren M Hutt, Shilpi Khanna, Monica A Chalfant, S Adrian
Saldanha, Peter Hodder, Bradley D Tait, Dan Garza, William E Balch, Richard I Morimoto. 2011. Small-molecule proteostasis
regulators for protein conformational diseases. Nature Chemical Biology . [CrossRef]

6. Daniela Krause, Hyeon-Sook Suh, Leonid Tarassishin, Qiao Ling Cui, Bryce A. Durafourt, Namjong Choi, Avital
Bauman, Melissa Cosenza-Nashat, Jack P. Antel, Meng-Liang Zhao, Sunhee C. Lee. 2011. The Tryptophan Metabolite 3-
Hydroxyanthranilic Acid Plays Anti-Inflammatory and Neuroprotective Roles During Inflammation. The American Journal
of Pathology 179:3, 1360-1372. [CrossRef]

7. Yu-Wen Cheng, Khoot-Peng Cheah, Che-Wei Lin, Joe-Sharg Li, Wen-Yu Yu, Ming Long Chang, Geng-Chang Yeh, Sheng-
Hsuan Chen, Cheuk-Sing Choy, Chien-Ming Hu. 2011. Myrrh mediates haem oxygenase-1 expression to suppress the
lipopolysaccharide-induced inflammatory response in RAW264.7 macrophages. Journal of Pharmacy and Pharmacology
no-no. [CrossRef]

8. Ludwig K. Groebler, Joe Liu, Anu Shanu, Rachel Codd, Paul K. Witting. 2011. Comparing the potential renal protective
activity of desferrioxamine B and the novel chelator desferrioxamine B- N -(3-hydroxyadamant-1-yl)carboxamide in a cell
model of myoglobinuria. Biochemical Journal 435:3, 669-677. [CrossRef]

9. Pai-Huei Peng, Hsiao-Ming Chao, Shu-Hui Juan, Chau-Fong Chen, Jorn-Hon Liu, Mei-Lan Ko. 2011. Pharmacological
Preconditioning by Low Dose Cobalt Protoporphyrin Induces Heme Oxygenase-1 Overexpression and Alleviates Retinal
Ischemia-Reperfusion Injury in Rats. Current Eye Research 36:3, 238-246. [CrossRef]

10. Young-Myeong Kim , Hyun-Ock Pae , Jeong Euy Park , Yong Chul Lee , Je Moon Woo , Nam-Ho Kim , Yoon Kyung
Choi , Bok-Soo Lee , So Ri Kim , Hun-Taeg Chung . 2011. Heme Oxygenase in the Regulation of Vascular Biology: From
Molecular Mechanisms to Therapeutic Opportunities. Antioxidants & Redox Signaling 14:1, 137-167. [Abstract] [Full Text
HTML] [Full Text PDF] [Full Text PDF with Links]

11. Mohamed Lamine Freidja, Emilie Vessieres, Nicolas Clere, Valerie Desquiret, Anne-Laure Guihot, Bertrand Toutain, Laurent
Loufrani, Alain Jardel, Vincent Procaccio, Sebastien Faure, Daniel Henrion. 2011. Heme oxygenase-1 induction restores
high-blood-flow-dependent remodeling and endothelial function in mesenteric arteries of old rats. Journal of Hypertension
29:1, 102-112. [CrossRef]

12. Hyesun Hyun, Jiyoung Lee, Do Won Hwang, Soonhag Kim, Dong Keun Hyun, Joon Sig Choi, Ja-kyeong Lee, Minhyung
Lee. 2011. Combinational therapy of ischemic brain stroke by delivery of heme oxygenase-1 gene and dexamethasone.
Biomaterials 32:1, 306-315. [CrossRef]

13. Jean Lud Cadet, Christie Brannock, Bruce Ladenheim, Michael T. McCoy, Genevieve Beauvais, Amber B. Hodges, Elin
Lehrmann, William H. Wood, Kevin G. Becker, Irina N. Krasnova. 2011. Methamphetamine Preconditioning Causes
Differential Changes in Striatal Transcriptional Responses to Large Doses of the Drug. Dose-Response 9:2, 165-181.
[CrossRef]

14. Takashi Ashino, Jinko Sugiuchi, Junna Uehara, Yumiko Naito-Yamamoto, Sachiyo Kenmotsu, Yoichiro Iwakura, Seiji
Shioda, Satoshi Numazawa, Takemi Yoshida. 2011. Auranofin protects against cocaine-induced hepatic injury through
induction of heme oxygenase-1. The Journal of Toxicological Sciences 36:5, 635-643. [CrossRef]

15. Erez Feige, Itzhak Mendel, Jacob George, Niva Yacov, Dror Harats. 2010. Modified phospholipids as anti-inflammatory
compounds. Current Opinion in Lipidology 21:6, 525-529. [CrossRef]

16. Aida Habtezion, John W. Wiley. 2010. Diabetic Gastroparesis: An Emerging Role for Macrophages and Heme Oxygenase-1.
Gastroenterology 138:7, 2219-2223. [CrossRef]

http://dx.doi.org/10.1016/j.freeradbiomed.2012.05.027
http://dx.doi.org/10.1016/j.freeradbiomed.2012.02.011
http://dx.doi.org/10.1016/j.atherosclerosis.2011.12.036
http://dx.doi.org/10.1155/2012/285750
http://dx.doi.org/10.1038/nchembio.763
http://dx.doi.org/10.1016/j.ajpath.2011.05.048
http://dx.doi.org/10.1111/j.2042-7158.2011.01329.x
http://dx.doi.org/10.1042/BJ20101728
http://dx.doi.org/10.3109/02713683.2010.539760
http://dx.doi.org/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3153
http://dx.doi.org/10.1097/HJH.0b013e32833db36e
http://dx.doi.org/10.1016/j.biomaterials.2010.08.116
http://dx.doi.org/10.2203/dose-response.10-011.Cadet
http://dx.doi.org/10.2131/jts.36.635
http://dx.doi.org/10.1097/MOL.0b013e32833f2fcb
http://dx.doi.org/10.1053/j.gastro.2010.04.028


17. A E Bharucha, A Kulkarni, K M Choi, M Camilleri, M Lempke, G J Brunn, S J Gibbons, A R Zinsmeister, G Farrugia. 2010.
First-in-Human Study Demonstrating Pharmacological Activation of Heme Oxygenase-1 in Humans. Clinical Pharmacology
&#38; Therapeutics 87:2, 187-190. [CrossRef]

18. Boris Schnorbus, Robert Schiewe, Mir Abolfazl Ostad, Christoph Medler, Daniel Wachtlin, Philip Wenzel, Andreas Daiber,
Thomas Münzel, Ascan Warnholtz. 2010. Effects of pentaerythritol tetranitrate on endothelial function in coronary artery
disease: results of the PENTA study. Clinical Research in Cardiology 99:2, 115-124. [CrossRef]

19. Robert H. Rice, Edgar A. Vidrio, Benjamin M. Kumfer, Qin Qin, Neil H. Willits, Ian M. Kennedy, Cort Anastasio. 2009.
Generation of oxidant response to copper and iron nanoparticles and salts: Stimulation by ascorbate. Chemico-Biological
Interactions 181:3, 359-365. [CrossRef]

20. C. MUSUMBA, D. M. PRITCHARD, M. PIRMOHAMED. 2009. Review article: cellular and molecular mechanisms of
NSAID-induced peptic ulcers. Alimentary Pharmacology & Therapeutics 30:6, 517-531. [CrossRef]

21. Cheng Li, Roland Stocker. 2009. Heme oxygenase and iron: from bacteria to humans. Redox Report 14:3, 95-101. [CrossRef]

22. Barbara Wegiel, Leo Otterbein. 2009. Heme oxygenase 1. AfCS-Nature Molecule Pages . [CrossRef]

23. Douglas G. Johns, Dorothy Zelent, Zhaohui Ao, Benjamin T. Bradley, Alexandra Cooke, Lisa Contino, Erding Hu, Stephen A.
Douglas, Michael C. Jaye. 2009. Heme-oxygenase induction inhibits arteriolar thrombosis in vivo: Effect of the non-substrate
inducer cobalt protoporphyrin. European Journal of Pharmacology 606:1-3, 109-114. [CrossRef]

24. L. S. Nobre, F. Al-Shahrour, J. Dopazo, L. M. Saraiva. 2009. Exploring the antimicrobial action of a carbon monoxide-
releasing compound through whole-genome transcription profiling of Escherichia coli. Microbiology 155:3, 813-824.
[CrossRef]

25. Mohamed T. Abdel Aziz, Taymour Mostafa, Hazem Atta, Mohamed A. Wassef, Hanan H. Fouad, Laila A. Rashed, Dina
Sabry. 2009. Putative Role of Carbon Monoxide Signaling Pathway in Penile Erectile Function. Journal of Sexual Medicine
6:1, 49-60. [CrossRef]

26. Hirohito Takeuchi, Satoshi Kawaguchi, Satoshi Mizuno, Takashi Kirita, Tsuneo Takebayashi, Kumiko Shimozawa,
Toshihiko Torigoe, Noriyuki Sato, Toshihiko Yamashita. 2008. Gene Expression Profile of Dorsal Root Ganglion in a Lumbar
Radiculopathy Model. Spine 33:23, 2483-2488. [CrossRef]

27. Jozef Dulak . 2007. Changing Faces of Heme Oxygenases. Antioxidants & Redox Signaling 9:12, 2043-2048. [Citation] [Full
Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1038/clpt.2009.221
http://dx.doi.org/10.1007/s00392-009-0096-z
http://dx.doi.org/10.1016/j.cbi.2009.08.007
http://dx.doi.org/10.1111/j.1365-2036.2009.04086.x
http://dx.doi.org/10.1179/135100009X392584
http://dx.doi.org/10.1038/mp.a004120.01
http://dx.doi.org/10.1016/j.ejphar.2008.12.030
http://dx.doi.org/10.1099/mic.0.023911-0
http://dx.doi.org/10.1111/j.1743-6109.2008.01050.x
http://dx.doi.org/10.1097/BRS.0b013e318184acc3
http://dx.doi.org/10.1089/ars.2007.1833
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1833
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1833
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1833

